The reduction of nitrite (NO 2 ؊ ) into nitric oxide (NO), catalyzed by nitrite reductase, is an important reaction in the denitrification pathway. In this study, the catalytic mechanism of the copper-containing nitrite reductase from Alcaligenes xylosoxidans (AxNiR) has been studied using single and multiple turnover experiments at pH 7.0 and is shown to involve two protons. A novel steady-state assay was developed, in which deoxyhemoglobin was employed as an NO scavenger. A moderate solvent kinetic isotope effect (SKIE) of 1.3 ؎ 0.1 indicated the involvement of one protonation to the rate-limiting catalytic step. Laser photoexcitation experiments have been used to obtain single turnover data in H 2 O and D 2 O, which report on steps kinetically linked to inter-copper electron transfer (ET). In the absence of nitrite, a normal SKIE of ϳ1.33 ؎ 0.05 was obtained, suggesting a protonation event that is kinetically linked to ET in substratefree AxNiR. A nitrite titration gave a normal hyperbolic behavior for the deuterated sample. However, in H 2 O an unusual decrease in rate was observed at low nitrite concentrations followed by a subsequent acceleration in rate at nitrite concentrations of >10 mM. As a consequence, the observed ET process was faster in D 2 O than in H 2 O above 0.1 mM nitrite, resulting in an inverted SKIE, which featured a significant dependence on the substrate concentration with a minimum value of ϳ0.61 ؎ 0.02 between 3 and 10 mM. Our work provides the first experimental demonstration of proton-coupled electron transfer in both the resting and substrate-bound AxNiR, and two protons were found to be involved in turnover.
Denitrification is an anaerobic respiration pathway found in bacteria, archaea, and fungi, in which ATP synthesis is coupled to the sequential reduction of nitrate (NO 3 Ϫ ) and nitrite (NO 2 Ϫ ) (NO 3 Ϫ 3 NO 2 Ϫ 3 NO 3 N 2 O 3 N 2 ) (1-3). 3 The first committed step in this reaction cascade is the formation of gaseous NO by nitrite reductase (NiR), the key enzyme of this pathway. Two distinct classes of periplasmic NiR are found in denitrifying bacteria, one containing cd 1 hemes as prosthetic groups (4 -6) and the other utilizing two copper centers to catalyze the oneelectron reduction of nitrite (7) . Copper-containing NiRs are divided into two main groups according to the color of their oxidized type 1 copper center (T1Cu), with shades ranging from blue to green (3, 7) . NiR from Alcaligenes xylosoxidans subsp. xylosoxidans (NCIMB 11015, AxNiR), which is analyzed in this study, is a member of the blue CuNiR group. The blue and green subclasses show a high degree of sequence similarity (70%) (8) and have similar trimeric structures with each monomer (ϳ36.5 kDa in AxNiR) consisting of two greek key ␤-barrel cupredoxin-like motifs as well as one long and two short ␣-helical regions (7, 9) . Each NiR monomer contains two copper-binding sites per catalytic unit. One is a T1Cu center, which receives electrons from a physiological redox partner protein and is buried 7 Å beneath the protein surface (10) , and the other copper is a type 2 center (T2Cu), constituting the catalytically active substratebinding site (11) . The physiological electron donor for the blue NiRs are the small copper protein azurin (14 kDa) (7) and cytochrome c 551 (7, 12, 13) . The T1Cu, which is responsible for the color of NiR, serves as the electron delivery center and is coordinated by two histidine residues as well as one cysteine and one methionine residue. The catalytic T2Cu, which like all T2Cu centers has very weak optical bands, is ligated to three His residues and an H 2 O/OH Ϫ ligand in the resting state. This H 2 O/ OH Ϫ ligand is held in place by hydrogen bonds to the active site residues, Asp-92 (AxNiR numbering) and His-249, and gets displaced by the substrate during catalytic turnover (14) . The T2Cu is located at the base of a 13-14-Å substrate access channel at the interface of two monomers with one of the three His residues being part of the adjacent subunit (15, 16) . The two copper centers are connected by a 12.6-Å covalent bridge provided by the T1Cu-coordinating Cys and by one of the T2Cu His ligands (17, 18) . This linkage has been suggested to constitute the electron transfer (ET) pathway from the T1Cu center to the catalytically active T2Cu center via 11 covalent bonds (19) .
Intramolecular ET from T1-to T2Cu has been extensively examined using pulse radiolysis studies (7, 19 -24) . In a variety of NiR species, ET could be measured, both in the presence and absence of substrate, with observed ET rate constants (k ET(obs) ) ranging from ϳ150 to ϳ2000 s Ϫ1 . According to the Marcus semi-classical ET theory (25) , the redox potentials (EЈ 0 , redox midpoint potential at pH 7.0) of the copper centers affect both the thermodynamic equilibrium and the ET kinetics. In the absence of substrate, the difference in the redox potentials has been found to be insignificant at pH 7 (EЈ 0 (T1Cu) ϳ240 mV and EЈ 0 (T2Cu) ϳ230 mV (20) ), implying a thermodynamically equal electron distribution between the two metal centers. From an enzymatic point of view, however, approaching this equilibrium position on such a fast time scale (Ն150 s Ϫ1 ) is unfavorable in the absence of substrate, as NiR has been shown to form an inactive species with a reduced T2Cu that is devoid of the H 2 O/OH Ϫ ligand and unable to bind nitrite (26, 27) . Substrate binding has been proposed to induce a favorable shift in the T2Cu redox potential, which would be expected to result in an accelerated ET compared with the substrate-free reaction (7, 16, 25, (27) (28) (29) (30) . However, k ET(obs) values in AxgNiR (GIFU1051) have been demonstrated to be lower in the nitritebound than in the substrate-free enzyme between pH 7.7 and 5.5 (21) . Below pH 5.5, the ET rate constants were observed to be similar in the nitrite-free and -bound enzyme (21) .
In addition to changes in the redox potentials and thus in the driving force of the ET reaction, several structural changes in the redox centers have been reported as a result of substrate binding, which may also influence the inter-copper ET rate by changing the reorganization energy (16, 25, 30, 31) . These rearrangements include subtle changes in the Cys-His bridge linking T1-and T2Cu (32) and conformational transitions of the catalytically relevant active site residue Asp-92 (see below and Ref. 29) . Moreover, the presence of nitrite has been postulated to be relayed to the T1Cu site via the so-called substrate sensor loop (via His-94, Asp-92, and His-89 in AxNiR), thereby triggering ET to the T2Cu (19, 27, 29, 32) . The tight coupling of ET to the presence of substrate has been argued to prevent the formation of a deactivated enzyme species with a prematurely reduced T2Cu (14, 16, 19, 26, 27, 33) . In accordance with such a feedback mechanism, in a combined crystallographic and single-crystal spectroscopic study, inter-copper ET could only be detected in crystals where nitrite was bound to the T2Cu site, whereas in the absence of substrate no such ET was observed (34) . This finding, however, contradicts the pulse radiolysis results at room temperature (see above), and the apparent discrepancy between solution studies and x-ray crystallographic data collected at cryogenic temperature remains to be resolved.
The one-electron reduction of nitrite to NO involves two protons according to the chemical net equation NO 2 Ϫ ϩ 2H ϩ ϩ e Ϫ 3 NO ϩ H 2 O, if the T2Cu is ligated by an H 2 O molecule in the resting state rather than an OH Ϫ ion. Although the exact enzymatic mechanism is still somewhat controversial (35, 36) , one suggested reaction sequence is given in Scheme 1. The potential participation of active site residues in catalyzing the proton transfer (PT) steps has been investigated by studying the pH dependence of NiR under steady-state conditions as well as by pulse radiolysis. The trends obtained for k cat and k ET(obs) , are similar with pH optima between 5.2 and 6, indicating the involvement of two amino acid residues (21, 22, 37).
Asp-92 and His-249 have been proposed as acid-base catalysts (18, 21, 22, 28, 38) , and the abrupt drop in rates at increasing pH may indicate that OH Ϫ can act as a competitive inhibitor for nitrite (39) . The relevance of these active site residues, however, as well as the timing of the two protonation steps is still a matter of debate (35, 40, 41) . 4 There are no experimental studies that have been aimed at directly examining the kinetic coupling of PT and ET steps in AxNiR. In this study of the blue AxNiR, our aims were to gain further insight into the mechanism of nitrite reduction by combining multiple turnover experiments with laser photoexcitation studies to measure the (single turnover) inter-copper ET. An extensive analysis of the solvent kinetic isotope effect (SKIE) has been employed as a means of determining whether solventexchangeable protons and/or water molecules play a rate-limiting role in the catalytic turnover and/or in inter-copper ET.
MATERIALS AND METHODS
Reagents-NADH was purchased from Melford Laboratories (Suffolk, UK). Luria-Bertani medium was from ForMedium (Norfolk, UK). NaCl, KCl, Tris, di-potassium hydrogen phosphate, and potassium di-hydrogen phosphate were from Fisher. D 2 O was from Goss Scientific Instruments Ltd. (Essex, UK). Kanamycin, isopropyl thiogalactoside, KNO 2 , CuSO 4 , DNase, lysozyme, MES, dithionite, phenol red (PR), ascorbate, phenazine methosulfate (PMS), bovine methemoglobin. and N-methylnicotinamide (NMN) were purchased from Sigma.
NiR Purification-Recombinant NiR from A. xylosoxidans subsp. xylosoxidans (NCIMB 11015, AxNiR) was overexpressed in Escherichia coli BL21(DE3) cells, and the purification was similar to the method described previously (42, 43 ) (see supplemental material for detailed description). AxNiR concentrations were determined using an extinction coefficient of 4 Very recently spectroscopic and computational methods have shown that ET from the T1 to the T2Cu sites in the green copper enzyme RsNiR (Rhodobacter sphaeroides) requires the initial proton transfer from the Asp residue in the active site pocket to nitrite thereby triggering the reductive cleavage of the substrate (40, 41 ⑀ 595 ϭ 6.3 mM Ϫ1 cm Ϫ1 (9, 18) . The AxNiR enzyme lacking the copper atom in the T2Cu center (T2DNiR) was expressed and purified in the same way as AxNiR except that the dialysis steps into CuSO 4 were omitted (27, 42, 44) .
Anaerobic Experimental Conditions and Sample PreparationAll experiments were conducted in a Belle Technology glovebox under a nitrogen atmosphere except for the laser photoexcitation measurements, for which samples were prepared in the glovebox, transferred into rubber-sealed quartz cuvettes, and taken out of the box. Buffers were made anaerobic by bubbling with nitrogen for at least 20 min and transferred into the glovebox; the bottles were then left open overnight to achieve complete equilibration with the anaerobic atmosphere. Oxygen levels were kept below 5 ppm throughout the experiment. Enzyme solutions were made oxygen-free by passing through a PD-10 column (GE Healthcare) pre-equilibrated with the anaerobic buffer.
Multiple Turnover Phenol Red Experiments-Multiple turnover experiments using the pH indicator PR were performed in unbuffered solution (110 mM KCl, distilled H 2 O) with an ionic strength equivalent to 50 mM potassium phosphate (KP i ), pH 7.0. The reaction was observed in a Cary UV-50 Bio UV-visible scanning spectrophotometer (Varian Inc.) using a 1-mm path length cuvette to allow the use of higher dye concentrations. The initial PR spectrum was adjusted to match the spectrum obtained in buffered solution at pH 7.0 (AU 432 /AU 556 Х 2). The [H ϩ ]-dependent absorbance change of the PR spectrum was used to monitor the protons being taken up during the turnover of AxNiR with its natural substrate nitrite (NO 2 Ϫ ). The reductant ascorbate in combination with the mediator PMS served as an artificial electron donor system. The sample mixture included 1 M AxNiR, KNO 2 concentrations between 25 and 160 M, 300 M PR, 10 M PMS, and 1 mM ascorbate. Progress curves were recorded until the thermodynamic equilibrium of the enzymatic reaction was reached and were then corrected for the background reaction of the electron donor with the substrate observed in the absence of enzyme.
Proton calibration curves were obtained by titrating incomplete sample mixtures with defined amounts of hydroxide ions. Three standard curves were produced using 300 M PR only, 300 M PR ϩ 1 M AxNiR, and the complete sample except the substrate. The average curve was used to determine the changes in proton concentration upon multiple turnover of AxNiR.
Steady-state Kinetics of AxNiR-The steady state activity of AxNiR was determined in 50 mM KP i , pH 7.0 (100% H 2 O), and 50 mM KP i , pH 6.59 (100% D 2 O), at 4°C using deoxyhemoglobin (deoxyHb) as an NO scavenger and observing the spectral changes upon binding of NO to deoxyHb. Bovine hemoglobin was purchased as methemoglobin, reduced by dithionite (DT) in the glovebox, and made anaerobic by passing through a PD-10 column, yielding deoxyhemoglobin. Hb concentrations were determined aerobically using an extinction coefficient for oxyHb of ⑀ 414 ϭ 131 mM Ϫ1 cm Ϫ1 per monomer (45) . The steady-state kinetics of AxNiR were measured anaerobically at 430 nm using an Applied Photophysics SC18MV stopped-flow instrument with a 2-mm path length. 30 M heme (7.5 M deoxyHb, 15 M heme after mixing), 10 mM ascorbate (5 mM after mixing), and 100 M PMS (50 M after mixing; EЈ 0 ϭ ϩ92 mV (27, 46) To check the validity of the Hb-linked assay, the results were compared with a continuous spectrophotometric assay using DT as reductant and following its depletion at 315 nm (⑀ 315 ϭ 8 mM Ϫ1 cm Ϫ1 (37) ). This assay was also conducted in the stopped-flow using 50 mM KP i , pH 7.0 (100% H 2 O), at 4°C, and an ionic strength of [KNO 2 ] ϩ [KCl] after mixing ϭ 50 mM. As described for the Hb assay, 2 mM DT and 100 M PMS were mixed with varying KNO 2 concentrations and three different AxNiR concentrations for each KNO 2 concentration yielding steady-state rates for AxNiR.
Laser Photoexcitation Experiments-Sample solutions with a volume of 750 l were prepared in a 1-cm path length quartz cuvette and sealed "air-tight" inside the glovebox. Samples contained 30 M AxNiR, 200 M NADH as electron donor, 50 mM NMN as mediator, and varying KNO 2 concentrations. The standard buffer system was 50 mM KP i , pH 7.0, at 4°C. For proton inventory and SKIE experiments, the pH value was determined using a conventional pH-meter, and the pH reading (pH (obs) ) was corrected using (47) as shown in Equation 1,
where (⌬pH) n is a correction factor depending on the volume fraction of D 2 O (n), i.e. n ϭ 1 for pure D 2 O. Proton inventory experiments, in which the amount of D 2 O was varied from 0 to 100% (i.e. 0 Յ n Յ 1), were also conducted in KP i buffer, using the above equation to determine the corrected pH value. The ratio of the rate constants obtained in 100% H 2 O (k H2O ) and the rate constants in pure (ϳ95%) D 2 O (k D2O ) gave the SKIE)for the reaction SKIE ϭ k H2O /k D2O . During laser photoexcitation experiments, the samples were excited at 355 nm using the third harmonic of a Q-switched Nd-YAG laser (Brilliant B, Quantel). The energy output of each laser pulse was 200 mJ, and pulses were 6 -8 ns in duration. Spectral transients were collected at 595 nm using an Applied Photophysics LKS-60 flash photolysis instrument with the detection system at right angles to the incident laser beam. Experiments were performed at various temperatures between 4 and 40°C by using a circulating water bath (Fisher brand). The probe light (150-watt xenon lamp) was passed through a monochromator before and after passage through the sample.
Absorbance changes were monitored using a photomultiplier tube. Kinetic transients were measured over time bases up to 50 ms; samples were excited only once, and triplicate measurements were collected for each condition.
Data Evaluation-All data were analyzed using the software package Origin (OriginLab, Northampton, MA).
The steady-state data for AxNiR were analyzed by the classical Michaelis-Menten Equation 2,
yielding the catalytic rate constant k cat and the Michaelis-Menten constant K m . Kinetic traces obtained in the laser experiments were fitted double-exponentially as shown in Equation 3 ,
where k 1(obs) and k 2(obs) are the observed rate constants, assigned to T1Cu reduction and inter-copper electron transfer, respectively; ⌬AU 1(obs) and ⌬AU 2(obs) are the corresponding absorbance changes; t is the elapsed time after the flash, and AU 0 is an offset absorbance value. The nonstandard equations used to fit the substrate concentration dependences of the observed rate constants in 95% D 
The temperature dependences of the observed rate constants were fitted to the Eyring given by Equation 5 ,
where T is the absolute temperature, R the gas constant, and k B Boltzmann's constant. The activation enthalpy ⌬H ‡ can be obtained from the slope and the activation entropy ⌬S ‡ from the y intercept allowing the calculation of the free activation energy ⌬G ‡ .
RESULTS AND DISCUSSION
Proton Consumption upon Multiple Turnover of AxNiR-The number of protons consumed by AxNiR during turnover was measured in unbuffered solution using the pH indicator PR. In a multiple turnover situation one AxNiR molecule catalyzes the production of NO many times, and the proton delivery route within the protein itself is depleted during the first round(s). Thus, to continue catalysis, the enzyme has to replenish its proton pool from the bulk solvent. In the absence of any buffer components the pH indicator will reflect this change in proton concentration directly by changing its acid-base equilibrium and hence the indicator color. Upon consumption of protons the PR spectrum decreases at 432 nm (the acidic, yellow absorbance peak) and increases at 556 nm (the basic, pink peak).
The PR absorbance change was calibrated by adding defined amounts of hydroxide ions to the sample mixture without any enzyme turnover taking place (see supplemental Fig. S1 ). These standard curves were then used to determine the amount of protons being consumed during the catalytic turnover of AxNiR, in which the enzyme was reacted with a defined amount of substrate (KNO 2 ) in the presence of an excess of artificial reductant (ascorbate) and mediator (PMS). Spectra were recorded until the monitored absorbance change reached its maximum value (Fig. 1) . At low nitrite concentrations ϳ2 protons were found to be consumed during one catalytic round. Because of the previously demonstrated reversibility of nitrite reduction by NiR (49) , this ratio dropped slightly at higher initial substrate concentrations (ϳ1.8 at 160 M nitrite). To account for the shift in the chemical equilibrium as a function of the initial substrate and thus the final product concentration, all data points shown in Fig. 1C were fitted linearly. An extrapolation of the fit to 0 M KNO 2 gave a y axis intercept of 2.0 Ϯ 0.04. Hence, the PR assay provided the first experimental evidence that two protons are coupled to turnover in NiR.
Steady-state Activity of AxNiR in H 2 O and D 2 O-The catalytic activity of AxNiR was determined in buffered (50 mM KP i ) H 2 O, pH 7.0, and 95% D 2 O, pD 7.0, to determine whether there is a measurable SKIE indicative of a proton-coupled process. The steady-state turnover of AxNiR was monitored using a novel assay with the NO scavenger deoxyhemoglobin (deoxyHb) to measure product formation. DeoxyHb shows a significant absorbance change at its heme Soret peak at 430 nm upon binding of NO (supplemental Fig. S2 ). With reported onrates for NO binding to deoxyHb of ϳ2. 4 (50) , this indicator reaction is expected to be a useful reporter for the AxNiR turnover reaction. Moreover, the reaction rate of nitrite with heme proteins has been reported to be 10,000 times smaller than that of NO (51) . To ensure steady-state initial rate conditions for AxNiR as well as for NO scavenging, the experiment was performed in a stopped-flow instrument by mixing varying enzyme and substrate concentrations with 15 M heme, excess reductant (ascorbate) and mediator (PMS). The heme absorption was monitored at 430 nm, and complete progress curves were recorded, i.e. data were collected until no further absorbance change was detectable indicative of fully NO-ligated heme (supplemental Fig. S3 ). Less than 20% of the decreasing trace was analyzed by linear regression, yielding initial rates, which were converted from units of ⌬AU 430 ⅐s Ϫ1 into units of M NO⅐s Ϫ1 through dividing by a calibration factor (see supplemental Fig. S4 for details) . M determined at pH 7.5 using the electron donor dithionite (37) . Furthermore, as a control for the calibration of this new assay, the catalytic activity of NiR was measured using dithionite as reductant and detecting its depletion at 315 nm as described previously (37) . The good agreement between the two approaches (Fig. 2) confirmed the validity of the deoxyHblinked assay for NiR activity described here. This assay has the advantage that only the forward reaction is measured because sequestration of the product NO prevents NiR from catalyzing the reverse reaction. In addition it also prevents the side reaction (catalyzed by NiR) of the reduction of exogenous NO to form N 2 O. The SKIE determined over the whole substrate concentration range gave moderate values between 1.1 and 1.5 (Fig. 2B) indicating a possible contribution of one proton or one solvent molecule to the rate-limiting catalytic step(s). This minor elevation of the SKIE is unlikely to report on both protons/two solvent molecules. In contrast to these results, no SKIE was observed for the green NiR of Rhodobacter sphaeroides at pH 6.0 suggesting that the rate-limiting step may change with the pH value and/or may depend on the origin of the enzyme (52) .
Single Turnover Kinetics Using Laser Photoexcitation-T1-to T2Cu ET in NiR can be observed upon reducing the T1Cu center by artificial electron donors, as shown previously in pulse radiolysis studies (7, 19 -22) . Because the T1Cu is located only 6 -7 Å below the protein surface (7, 20) , it is much more readily reduced than the more buried T2Cu (12-13 Å (16, 17) ), resulting in a color change from the blue T1Cu in the oxidized state (Cu(II), ⑀ 595 ϭ 6.3 mM Ϫ1 cm Ϫ1 ) to colorless in the reduced state (Cu(I), supplemental Fig. S5 ). Following the initial reduction of the T1Cu, the electrons redistribute between the two copper centers according to the thermodynamic equilibrium, which is determined by the difference in the copper redox potentials (20, 29) . Because the contribution of the T2Cu center to the optical absorbance spectrum of AxNiR is negligible in either reduction state (7, 32, 46) , monitoring of the inter-copper ET reaction by optical spectroscopy is limited to the T1Cu signal at 595 nm.
All laser experiments were performed in 50 mM KP i using NADH as an artificial electron donor. Upon excitation at 355 nm NADH forms solvated electrons as well as radical species (53, 54) , which can then reduce the T1Cu either directly or through mediation by a radical species of NMN (23). In Fig.  3 , typical absorbance changes are presented as recorded during the laser experiments. In the absence of substrate (Fig. 3,  A and C) , the AxNiR enzyme with fully reconstituted copper centers showed the expected decrease in absorbance upon T1Cu reduction, which was followed by a subsequent partial recovery of the absorbance signal, reporting on T1-to T2Cu ET. The traces were analyzed double exponentially (Equation 3) with a first-order reduction rate (k 1(obs) ), which did not depend on the NADH concentration between 50 and 250 M and was ϳ10 times faster than the second observed rate constant (supplemental Fig. S5, C and D) . The concentration independence of the reduction rate indicates that the observed process cannot be described by a simple bimolecular collision event, because this would be expected to yield S3 ). Initial rates were determined from the slopes using less than 20% of the decreasing ⌬AU 430 . The slopes (⌬AU 430 ⅐s Ϫ1 ) were corrected for the ⌬AU 430 resulting from the background nitrite reductase activity of deoxyHb and were converted into units of M NO⅐s Ϫ1 using a calibration factor of 0.0232 Ϯ 0.0006 ⌬AU 430 ⅐M Ϫ1 (supplemental Fig. S4 ). Three different NiR concentrations were analyzed for each substrate concentration, which is reflected in the error bars. As a control, the open squares were measured using dithionite as reductant and monitoring its depletion at 315 nm. B, SKIE obtained as the ratio of the observed steady-state rates in H 2 O and D 2 O at varying substrate concentrations. a linear dependence on the active electron concentration (55) . Rather, the reduction of the T1Cu appears to be ratelimited by another reaction step, such as a conformational change. The absorbance changes at 595 nm (⌬AU 595 ) were not significantly dependent on the NADH concentration either. Using the mediator NMN did not change the reduction rates but increased the efficiency by about 30% (i.e. yielded larger ⌬AU 595 ). The second observed rate constant (k 2(obs) ) was ϳ370 s Ϫ1 at 4°C and pH 7.0. This rate constant has contributions from at least the sum of k 2(forward) and k 2(reverse) (7, 20, 30) , but it may well include further reaction steps coupled to the monitored ET signal (see below).
When T2DNiR, NiR lacking the copper atom in the T2Cu center (27, 42, 44) , was used in these experiments, only the down-phase could be detected, thus substantiating that the up-phase, corresponding to k 2(obs) , actually reports on intercopper ET and not on any other oxidation event of the T1Cu. With 10 mM nitrite present, however, the T2D enzyme did show a slight recovery of the AU 595 signal subsequent to reduction, which can be explained by the presence of ϳ10% residual T2Cu typically found in T2D preparations of the enzyme (11, 14, 37) . Alternatively, it has been demonstrated previously that "unmetallated" NiR exhibits some residual catalytic activity (7, 16, 22, 42, 43) , which may also explain the slight recovery of the AU 595 signal. Because crystal structures did not reveal any interaction of NO 2 Ϫ with the T1Cu center (14, 27) , the substrate has been suggested to bind to the unmetallated T2Cu center (22) . Similar apparent steadystate affinities were measured for T2D and native AxgNiR, which was accounted for by the retained hydrogen bonding network in the active site (8, 22) . The nitrite reduction activity of T2D-AxgNiR was found to constitute ϳ10% of the native steady-state rate (22) , which would be in accordance with both the presence of 10% fully copper-bound NiR and 10% residual activity of unmetallated T2Cu. Comparing our sample spectra before and after the laser experiment provided further indications that catalytic turnover can possibly take place in the T2DNiR sample (supplemental Fig. S5 ). Although both AxNiR and T2D-AxNiR remained partially reduced after photoexcitation in the absence of substrate, the absorbance spectra of both enzyme species were not significantly changed in the presence of nitrite, indicating complete re-oxidation and hence product formation in both cases.
Substrate Concentration Dependence, SKIE, and Proton Inventory Experiments in Pre-steady State-Analogous to the steady-state deoxyHb assay, laser experiments were performed using 50 mM KP i in 100% H 2 O, pH 7.0, and in 95% D 2 O, pD 7.0, as solvent (Fig. 4, A-D, and supplemental Fig. S6 ). In the absence of nitrite, a SKIE of 1.43 Ϯ 0.06 was obtained (Fig. 4, E  and F) , a SKIE similar to the steady-state (k cat ) SKIE value of 1.3 Ϯ 0.1 (Fig. 2) . The detection of a SKIE in the absence of substrate indicates that the inter-copper ET is linked to a PT step irrespective of the chemical conversion of nitrite (see Scheme 2, reaction sequence 1). This link between the intercopper ET and a PT step may be explicable by several scenarios as follows: (i) a stepwise transfer of a proton and an electron exhibiting a kinetic gating mechanism, in which a slow PT step preceding ET rate-limits the observed ET process (56, 57); (ii) a stepwise mechanism, in which a thermodynamically unfavorable yet fast PT pre-equilibrium results in a decrease in the observed ET rate constant (kinetically coupled ET (56, 57)); or (iii) a concerted transfer of both proton and electron in a single elementary reaction (58, 59) . Please note that in this study all these options are captured by the expression proton-coupled electron transfer, although a manifold of definitions can be found for the term proton-coupled electron transfer in the literature (for example see Refs. 58 -66) .
The substrate concentration dependences of the observed rate constants (k 2(obs) ) were also determined in the laser experiments. In a previous publication (27) a random sequential mechanism has been suggested, in which nitrite binds preferentially to the enzyme species with a reduced T1Cu center and an oxidized T2Cu center but is also able to bind to the fully oxidized NiR at elevated concentrations. For the presented laser experiments, it can therefore be assumed that a pre-equilibrium between substrate-free and nitritebound oxidized AxNiR exists prior to the laser flash (Scheme 2, gray box). The equilibrium position is a function of the nitrite concentration present in the sample and may include the first protonation event (see Scheme 1) . Consequently, the T1Cu centers of both the substrate-free and the nitritebound enzyme species can be reduced by the electron donor upon photoexcitation. An additional reaction branching may be obtained subsequent to the T1Cu reduction by binding of nitrite to the T2Cu center of AxNiR. This reaction step may also include a PT process. According to Ref. 27 , the substrate affinity of the T1Cu-reduced enzyme species is greater than that of the completely oxidized enzyme. The inter-copper ET observed in the presence of nitrite may therefore include varying contributions from all three reaction sequences labeled 1-3 in Scheme 2 depending on the substrate concentration 5 (14, 16, 19, 26, 27, 33, 46) . For several reasons this mechanism is difficult to model mathematically: (i) there may be a pre-equilibrium yielding (at least) two initial enzyme species; (ii) laser experiments are treated as equilibrium perturbation experiments (7, 20, 30) resulting in complex expressions for multistep reactions (67); (iii) reaction branching is likely to occur after the T1Cu reduction, i.e. after equilibrium perturbation, necessitating even more intricate mathematic expressions. This theoretically expected intricacy was mirrored in the complex kinetic behavior observed. In the following paragraphs, the significantly different substrate concentration dependences found for the k 2(obs) values in H 2 O and D 2 O will be discussed.
The substrate concentration dependence in D 2 O (Fig. 4 , C and D) resembles an offset hyperbolic equation and could be analyzed by Equation 6 ,
yielding an apparent saturation constant (K s(app) ), an observed rate constant k 2(zero) in the absence of substrate and an observed difference rate constant dk 2(obs) ( Table 1) . If the monitored inter-copper ET merely functioned as a reporter reaction of a simple bimolecular binding event, a linear concentration dependence would be expected. Hyperbolic concentration dependences, however, are frequently observed in enzymatic systems (55) and are indicative of another reaction step being reflected in the observed rate constant, such as a slow step following substrate binding or an activation step prior to substrate binding (55) (see supplemental material for further information). The actual kinetic mechanism in AxNiR leading to the hyperbolic behavior may be much more complicated. The presented case of AxNiR is complicated by the fact that the observed inter-copper ET can also take place in the substrate- 5 For AfNiR (Alcaligenes faecalis S-6), a random-sequential mechanism has been postulated, in which the inter-copper ET precedes substrate binding at low nitrite concentrations but follows it at high nitrite concentrations (46) . This suggestion, however, contradicts other findings indicating an inactivation of NiR with a prematurely reduced T2Cu center (14, 16, 19 , 26, 27, 33). SCHEME 2. Random mechanism suggested for NiR (27) . T 1(ox) , oxidized blue T1Cu; T 1(red) , reduced colorless T1Cu; T 2(ox) , oxidized T2Cu; T 2(red) , reduced T2Cu: S, substrate; e Ϫ , electron. The gray box symbolizes the pre-equilibrium likely to exist prior to photoexcitation (yellow arrow) in the laser experiments. Please note that the order of the reaction steps labeled "x; y" is unknown and that all reaction steps may be concerted rather than sequential as suggested by the arrows. The ET reaction may also be coupled to subsequent PT steps. See text for further explanation. free enzyme on a comparable time scale. This reaction has been accounted for by the concentration-independent rate constant k 2(zero) . The partitioning between the two signal sources is reflected in Equation 6 by adding a concentration-dependent term with a difference rate constant dk 2(obs) . Consequently, the k 2(obs) value equals k 2(zero) in the absence of substrate, whereas k 2(obs) is the sum of k 2(zero) and the positive dk 2(obs) value at saturating nitrite concentrations indicating accelerated intercopper ET rates in the nitrite-bound enzyme.
In contrast to the behavior found in D 2 O, the k 2(obs) values in H 2 O decreased upon addition of moderate substrate concentrations (up to ϳ10 mM) indicative of a decelerated observed intercopper ET in the substrate-bound AxNiR. This is in accordance with previously published pulse radiolysis data (7, (19) (20) (21) (22) and contravenes the proposed change in the driving force upon substrate binding (see Introduction and Refs. 7, 16, 23, 25, [27] [28] [29] [30] . At more elevated nitrite concentrations, however, the inter-copper ET rates approached the values in the absence of substrate. Therefore, this unusual behavior could not be analyzed by a modified hyperbolic expression. Phenomenologically, the observed behavior resembles substrate inhibition-type patterns found in steady-state kinetics, in which an increase in the rate constant occurs at moderate substrate concentrations followed by a subsequent decrease at higher amounts (68-70). In the presented case, however, the inverse effect is reflected in Fig. 4, A and B , with the addition of moderate substrate concentrations leading to an observed decrease in k 2(obs) and an increase at very high concentrations. In the absence of any obvious mechanism accounting for the differential behaviors found in the two solvents, a phenomenological analysis of the H 2 O data set still allows comparison of the curvatures characterizing the decreasing and increasing sections (Fig. 4 , A and B) with the K s(app) value obtained for the D 2 O data set (Fig. 4 , C and D; Table 1 ). Therefore, an equation accounting for two apparent substrate-binding sites adapted from steady-state inhibition schemes was employed for the H 2 O data 6 (Equation 7; see supplemental material for further information) (68-70). Fig. 4 , A and B, dk 2(obs)2 is a positive value accounting for the increase in k 2(obs) at high nitrite concentrations. It is noteworthy that the ⌬AU 2(obs),595 increased about 2-fold upon addition of moderate nitrite concentrations followed by a subsequent decrease (supplemental Fig. 6 ) and could therefore also be analyzed using an equation analogous to Equation 7 (Table 1) . This observation may indicate that the thermodynamic equilibrium at moderate nitrite concentrations is driven toward the oxidized T1Cu (i.e. toward the product side of the reaction) as is expected from the suggested change in ⌬EЈ 0 upon substrate binding (see Introduction and Refs. 7, 16, 23, 25, [27] [28] [29] [30] . Alternatively, the improved kinetic resolution of the T1Cu reduction upon photoexcitation and the subsequent inter-copper ET might yield apparently enlarged amplitudes at moderate substrate concentrations.
Comparison of the observed inter-copper ET rates with the catalytic activity of AxNiR at a certain substrate concentration reveals that the smallest ratio of pre-steady-state and steadystate rates was observed around 1 mM substrate. At this nitrite concentration the k 2(obs) value is 3.3-fold faster than the catalytic rate constant in H 2 O, whereas the corresponding rate constants in D 2 O are separated by a factor as large as 6.5. This finding suggests that the events rate-limiting inter-copper ET are too fast to be reflected in the steady-state SKIE. In other words, the proton involved in rate-limiting the steady-state turnover is unlikely to be identical with the PT step affecting the inter-copper ET observed in the transient kinetics. This conclusion is also emphasized by the different substrate-concentration dependences of the SKIE in the steady-state and the laser experiments. Although a normal steady-state SKIE was obtained up to 50 mM nitrite (Fig. 2) , an inverted SKIE was observed in the pre-steady-state above 0.1 mM nitrite (Fig. 4, E  and F) . The substrate concentration dependence of the presteady-state SKIE exhibits a trend similar to that for k 2(obs) in H 2 O and was analyzed using the simpler Equation 8, accounting for the SKIE in the absence of substrate (SKIE (zero) ) and two apparent substrate-binding sites (see supplemental material for further information), 
The resulting values are given in Table 1.   7 To substantiate the unusual behavior of the SKIE in the laser experiments, proton inventory experiments were conducted in the presence of 10 mM nitrite and in the absence of substrate (Fig. 4G) (37) and might account for an allosteric behavior in NiR, but there are no reports allocating the second binding site or attributing any effects on the enzymatic activity. The possibility that nitrite can bind to the T1Cu center has been excluded (32) , and no competitive binding of two substrate molecules within the active site has been observed so far (46) .
The actual reasons for the unusual substrate concentration dependence in H 2 O and the observed inverted SKIE remain elusive. Both findings, however, may be explicable by a complex mechanism, which includes parallel reaction pathways and branching points analogous to that suggested in Scheme 2. The observation of inverted SKIEs has previously been attributed to reaction branching or to a PT step with a solvent-dependent equilibrium constant (71) (72) (73) . The unusual substrate concentration dependence in H 2 O may also result from the differential population of various pathways governed by the nitrite concentration. Irrespective of the kinetic mechanism forming the basis of the unusual data, the contrasting behavior of k 2(obs) in H 2 O and D 2 O is evident, and the significant SKIE provides strong evidence that inter-copper ET in AxNiR is proton-coupled.
Temperature Dependence of Inter-copper ET-One of the crucial differences between crystallographic and solution studies on NiR concerns the occurrence of inter-copper ET in the absence of substrate. Although inter-copper ET in substratefree NiR can be observed in pulse radiolysis (7, 19 -22) as well as in our laser photoexcitation experiments, the equilibration of electrons between the T1Cu and T2Cu in the protein crystal could only be established in the presence of substrate (34) . At 4°C and pH 7.0, our studies in the solvent H 2 O suggested that inter-copper ET is actually faster in the absence of substrate. The crystal studies, however, were conducted by preferentially reducing the T1Cu center of NiR with the x-ray beam, whereas a nitrogen cryostream was used to cool the sample to 100 K to diminish the destructive effect of the x-ray radiation. Thus, a direct comparison between our solution experiments at 4°C and the crystal studies at 100 K is not possible without extrapolating the influence of the temperature on the observed ET rates. Therefore, we measured the temperature dependence of the k 2(obs) values in the absence of substrate and in the presence of moderate nitrite concentrations (10 mM) between 4 and 40°C (Fig. 5) . The data were analyzed using the Eyring (Equation 5) and the Marcus equation (see supplemental Table S1 and supplemental Fig. S7) (74) . The Marcus analysis did not allow us to conclude whether ET is gated, i.e. kinetically ratelimited by a slow reaction step such as PT, which would be expected to result in unreasonable Marcus parameters (see supplemental material). A stepwise, kinetically coupled PCET (see definition above), however, may still give reasonable Marcus parameters, which are not necessarily in disagreement with a true ET (74) . In concerted PCET reactions, both proton and electron tunnel synchronously, 8 and special mathematical expressions (59, (75) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) are needed to account for the kinetic and thermodynamic mutual influence exerted by the two moving charges (86) . As the transition state of a concerted transfer can either be more ET-like or more PT-like (59), the Marcus parameters resulting from a concerted PCET reaction may or may not be in accordance with the expectation values for a true ET. With the isotope studies presented above clearly indicating 7 Because of the limited number of data points, Equation 7 did not converge for K s(obs)2 . As discussed in Footnote 6, the physical meaning of the obtained parameters is elusive, and the phenomenology of the observed behavior is well captured by the employed mathematical analysis. 8 Please note that synchronously is not synonymous for simultaneously but that simultaneous PCET is a special case of concerted PCET. a PCET, the conclusion suggests itself that the observed PCET events in AxNiR are either because of a kinetically coupled, stepwise transfer of a proton and an electron or result from a concerted transfer of the two charges in a single elementary reaction step. The activation parameters obtained in the Eyring analysis were similar to those published in pulse radiolysis studies (Table 2 ) (19, 20, 30) . The activation enthalpies were found to be smaller in the presence of substrate, whereas the activation entropies are less favorable than in the absence of substrate. Thus, the balance of ⌬S ‡ and ⌬H ‡ determines whether the observed reaction is faster in the absence of substrate (as found in H 2 O) or in the presence of nitrite (as observed in D 2 O). The linear Eyring fits were extrapolated to lower temperatures, assuming the absence of a break point (Fig. 5) . For the H 2 O data sets, the substrate-free and nitrite-bound linear regressions were found to have an intersection point at Ϫ27°C. This crossover suggests that inter-copper ET below this temperature becomes increasingly attenuated for the substrate-free enzyme in comparison with the nitrite-bound enzyme species. The extrapolation also allows a rough estimate of k 2(obs) under the conditions used in the crystallographic studies (34) . At 100 K, the resulting inter-copper ET rates are 2 ϫ 10 Ϫ8 s Ϫ1 in the absence of substrate and 3 ϫ 10 Ϫ6 s Ϫ1 at 10 mM nitrite, i.e. the rate of ET was calculated to be 150-fold faster in the presence of substrate. This separation is expected to be sufficient to allow the experimental observation of ET in the presence, but not in the absence, of substrate because the duration of the experiment was limited to ϳ8 -17 min (34). In conclusion, our studies provide a possible explanation for the apparent discrepancy between solution and crystal studies.
Conclusions-Our present work on wild-type AxNiR provided the first direct evidence that two protons are involved in the catalytic turnover at pH 7.0. A normal steady-state SKIE of 1.3 Ϯ 0.1 was determined for nitrite concentrations up to 50 mM, indicating that one proton or one solvent molecule contributes to the rate-limiting step of the catalytic process. Single turnover experiments, monitoring the inter-copper ET, established a SKIE of ϳ1.33 Ϯ 0.05 in the absence of substrate, which is indicative of a PCET irrespective of product formation. The substrate concentration dependence of the inter-copper ET revealed an apparently inverted SKIE at nitrite concentrations Ն0.1 mM, which is possibly a result of comparing differential populations of various reaction routes in H 2 O and D 2 O, in accordance with a random-sequential mechanism. The protonation events affecting the single and the multiple turnover experiments, respectively, are unlikely to originate from the same reaction step. Thus, both protons involved in the overall mechanism as shown by the phenol red experiments might be reflected in the presented kinetic data, one in the transient laser experiments and the other in the catalytic turnover of AxNiR. Alternatively, the same proton might be involved in two different reaction steps, one affecting the catalytic turnover and one the transient kinetics. The temperature dependences of the ET provided a possible explanation for the seeming contradiction between crystallographic and solution data, concerning the coupling of ET to the presence of substrate. Further investigations will be required to establish whether structural changes upon binding of nitrite at the T2Cu site actually trigger the ET from the reduced T1Cu center. 
